Magnetization~induced second-harmonic generation (SHG) has been used for the study of thin garnet films. The strong optical absorption of these films at the second harmonic frequency provides a unique possibility to study magnetic and structural properties of the film surface and film/substrate interface separately. When studied in transmission at normal incidence all relevant elements of the crystallographic part of the nonlinear optical susceptibility tensor vanish identically, while a magnetization· induced contribution remains. The purely magnetic origin of SHG from the interface is unambiguously demonstrated. From measurements of the SHG rotational anisotropy and magnetic field dependence, the surface is found to have inclusions which act as nonmagnetic sources of SHG, while the anisotropy causing easy in· plane magnetization is found to be stronger at the interface with the substrate than at the surface of the film. DOl: IO.l103/PhysRevB.70.094408 PACS number(s): 75.50.Gg, 78.20.Ls, 42.65.Ky, 75.70.-i
I. INTRODUCTION
Ferrimagnetic garnets constitute an interesting group of transparent magnetic materials with large linear magneto· optical (MO) effects that make them very attractive for technological applications. 1 They can accept a wide range of dopants which alter their properties in various ways, and were therefore studied extensively over the past 50 years. 1 • 2 Optical components such as modulators, switches, and isolators based on garnets have already found widespread use.
Recently there has been significant interest in thin garnet films as sensors and indicators for magnetic fields. Garnet films with in-plane magnetization have been found to be exceptionally well suited for magnetic field visualization and imaging (see Refs. 3 and 4, and references therein). Very little domain activity and a continuous rotation of the magnetization vector in response to an increasing external field are some of their favorable properties. Films of this type have successfully been used for imaging magnetic domains, recorded patterns in magnetic storage media, currents in microelectronic circuits, and for the study of defects, currents, and vortices in superconductors. [5] [6] [7] Garnet films arc most commonly grown by liquid phase epitaxy (LPE), but also pulsed laser deposition, gel methods, and other techniques are being used. For imaging applications it is particularly important to have high quality, uniform, single-domain films with high sensitivity and little defects. These are properties which can be tailored to a large degree by substitution and by tuning of the growth conditions. It is, for instance, well known that Bismuthsubstitution on dodecahedra! sites of the garnet crystal strongly enhances the linear magneto-optical response. Furthennore, the film and substrate compositions influence the lattice matching at the interface. A small mismatch will cause strain in the grown film, while larger values of the lattice mismatch may, in addition, cause growth of differently ori-ented crystallites, defects in the crystal structure, or even cracking of the film or substrate. A small lattice mismatch is sometimes deliberately introduced in order to obtain the desired magnetic anisotropy and easy direction of magnetization. For garnet films grown on (lOO) oriented gadolinium gallium garnet (GGG) substrates the strain is uniaxial, and will, depending on the sign of the anisotropy constant, strive to align the spontaneous magnetization either along the anisotropy axis (easy-axis) or normal to this axis (easy-plane). The dominant factor in deciding the easy direction of magnetization will, however, often be the shape anisotropy.
The sensitivity of the MO response of garnet films to an external field is one of the main properties of interest for imaging applications. It is commonly investigated by measuring the external field dependence of the Faraday rotation in the spectral region of interest. This, however, reflects only averaged bulk properties of the film without addressing the possibility that there could be a significant inhomogeneity across the thickness of the film. Relaxation of interfacial strain due to lattice mismatch may cause different anisotropy fields and thus different MO sensitivity for the film surface and interface regions. A technique that is sensitive to magnetization and capable of distinguishing between surface and interface is needed in order to study these effects.
Magnetization induced second harmonic generation is a nonlinear optical technique which has a particular sensitivity to surfaces and interfaces of magnetic materials. In the electric dipole approximation nonlinear optical effects of even order, such as second harmonic generation (SHG), are forbidden in the bulk of centrosymmetric media but are allowed at interfaces where the centrosynunetry is lifted. 8 Magnetooptical effects arise due to the breaking of time reversal symmetry by a spontaneous or induced magnetization. Hence, nonlinear magneto-optical effects occur only in media where the time reversal and space reversal inversion symmetry are broken simultaneously. This has caused magnetization in-1098-0 121/2004170(9)/094408(7)/$22.50 70 094408-1 ©2004 The American Physical Society duced second harmonic generation (MSHG) to become an important tool for studying surfaces and buried interfaces of magnetic materials, 9 -14 including antiferromagnetic systems. 15 • 16 Previously, an analysis of SHG in garnet films of different classes of symmetry has been given by Pisarev et a/., 17 Gridnev et a/., 18 and Pavlov. 1 9 In this paper we report on an experimental study of SHG in garnet films with in-plane magnetization, grown for the purpose of MO imaging by liquid phase epitaxy on (100) oriented substrates. We have chosen the experimental geometry so that crystallographic contributions to the SHG should vanish completely, leaving only magnetization-induced SHG. Despite a broken space inversion symmetry in these films, the surface and interface regions may be studied independently. This is made possible by a strong optical absorption in the films at the second harmonic frequency, leading to a escape depth of about 0.2 Jlm for light at 2w, and provides a very powerful tool for the characterization of the interfaces of these materials.
H. THEORY
The induced polarization P in a medium due to an incident electromagnetic wave E can be written in the electric dipole approximation as an expansion in powers of the electric field of the incident wave (I)
The coefficients X(") are the frequency dependent electric susceptibilities of order n. The first order susceptibility gives rise to the linear optical response, while the higher order terms give rise to nonlinear optical effects that become observable for strong incident fields. In the presence of a magnetization M, each of the susceptibilities i") should be further expanded in powers of M 8 (n)
(2)
The first term, independent of M, can be thought of as the purely crystallographic contribution, while the higher order terms may only exist in the presence of a magnetization.
These give rise to a magnetic induced contribution. In the following we consider only contributions up to first order in M.
In a local frame of reference, the second order nonlinear polarization at frequency 2w induced by an incident field e of frequency w in a medium with magnetization m can be written as (3) where {i,j,k,l}={x,y,z}. Here x)}2 is a third rank polar tensor representing the crystallographic contribution, and x~;;~ is a fourth rank axial tensor representing the magnetization induced contribution. The symmetry of the medium imposes restrictions on the susceptibility tensors according to Neumann's principle, thereby reducing the number of independent tensor components. The observable intensity of radiated light at the second harmonic frequency is given by the square of the induced polarization at 2w 1(2w) ex JP(2wJI' ex Jx(") + x("' >J 2 ex Jx<">J 2 + Jx<"' >J 2 + 2Ji">Jix("'lJcos A<P.
(4)
A phase difference A<P between x("J and i"'> different from TTI2 will lead to interference between crystallographic and magnetic contributions. Information about the phase is generally lost when measuring intensities, but may be recovered using a technique based on interference with an external reference. 20 Bulk garnet crystals have cubic symmetry and are centrosynunetric, thereby limiting any SHG to a very thin region near the surface or interface where the space inversion symmetry is broken. In thin garnet films, however, the inversion symmetry appears to be broken 18 • 19 due to what might be a growth induced distortion of the symmetry along the direction of growth. This reduces the symmetiy of our thin film to the tetragonal 4mm point group, and allows for crystallographic bulk contributions to the SHG. In the presence of a magnetization that causes breaking of the time-inversion symmetry, also magnetization-induced contributions from the bulk will be allowed. Now, consider a crystalline magnetic thin film of point group symmetry 4mm illuminated at normal incidence along the z-direction, and exposed to a transverse magnetic field, as shown in Fig 
Both crystal symmetry and experimental geometry determine which tensor components contribute to the observable SHG signal. At non-normal incidence also crystallographic contri-094408-2 butions would be present for media belonging to the 4mm point group.
When the crystalline film is rotated an angle q, about the Z-axis and exposed to a stationary magnetic field along the Y-axis, the induced polarization at frequency 2w in the stationary XYZ frame of reference can readily be deduced
Pu denotes the induced polarization along the J direction due to an incident wave polarized along the I direction.
For the case of 4mm symmetry, as can be seen from Eqs.
(4) and (6)- (9), the radiated intensity 1(2w) is quadratic in M, and is therefore not expected to change upon reversal of the direction of the magnetization, M--->-M.
If the aforementioned experimental geometry is modified to magnetize the films in the out-of-plane Z-direction, then also x<m) ~ 0 for symmetry reasons and no SHG will take place.
Ill. EXPERIMENTAL PROCEDURE
An approximately 3 p.m thick garnet film of composition Lu2.sBio.sFe 5 0 12 , grown on a (lOO) oriented gadolinium gallium garnet (GGG) substrate was illuminated at normal incidence by femtosecond laser pulses of A=840 nm generated by a Ti:Sapphire laser system. The incident beam was focused to a spot size of approximately 200 p.m on the sample, which was exposed to a magnetic field in the Y -direction, as shown in Fig. l . The transmitted second harmonic intensity was detected using a standard photon counting technique involving a cooled photomultiplier tube (PM1), an amplifier, and counting electronics. The spontaneously in-plane magnetized garnet film was exposed to a stationary magnetic field to keep the magnetization fixed along the Y-axis as the sample was rotated.
The polarization of the incident wave was set using a Babinet-Soleil compensator followed by a Glan-Taylor polarizer. An edge filter (RG640) was used to exclude the possibility of SH light generated in any of the optical components reaching the sample and influencing the measurements. Similarly, a band-pass filter (BG39) was placed immediately after the sample to filter out the strong fundamental beam. An additional filter was used to absorb the strong two-photon luntinescence at i-.=520-560 nm exhibited by the samples under study. An analyzcr, also of the Glan-Taylor type, was placed before the photomultiplier and used to dcterntine the polarization of the SH light. The GGG material used as a substrate is essentially transparent both to the fundamental beam at A=840 nm and to the second harmonic. 22 The magnetic garnet film also exhibits low linear optical absorption at the fundamental wavelength, but has a very strong absorption at the second harmonic frequency of about a=5 X 10 4 cm-1 (<=7+i). The linear optical properties of a series of garnet films, the ones studied here included, have previously been obtained from ellipsometrie measurements. 23 The strong absorption of the second harmonic wave makes it possible to study the film surface and interface separately by illuminating it from either the substrate or surface side, respectively. Since the escape depth of light at 2w is approximately 0.2 p.m, only a layer of this thickness contributes to the signal observed in transmission.
IV. RESULTS AND DISCUSSION
The observed SH intensity from the film-substrate interface as a function of the azimuthal angle of the sample is shown in Fig. 2 for a full 360° rotation, and for four different combinations of polarizer and analyzer settings. The filled and empty points correspond to measurements at ±l'vl. The solid lines represent best fits to the data points using Eqs. (6)- (9) . The obtained best fit parameters, normalized to A(interface)= 1, are listed in Table I . A very good fit is obtained, and no dependence on the direction of magnetization is observed, in agreement with the expected quadratic M 094408-3 dependence of l(2w). The XX and YX curves show a fourfold symmetry with only four lobes because the values of the constant terms of Eqs. (6) and (8) are larger than the amplitude of the corresponding cos( 44>) terms. The XY and YY curves show eightfold symmetry as expected in the absence of such constant terms. Figure 3 shows the measured SH intensity originating from the film surface, obtained by illuminating the sample from the substrate side. For the configurations XX, YX, and XY there is essentially no observable magnetic field dependence. The fourfold and eightfold symmetry of these curves is in accordance with Eqs. (6) and (8) and unexpected dependence on the field direction. This must be attributed to interference between different sources of SHG which respond differently to the change in direction of the magnetic field. These could either be magnetic domains or clusters differently magnetized from the surrounding single crystalline film, or nonmagnetic sources such as inclusions or structural irregularities. Note that any dependence on the direction of M was never seen for the signal from the film-substrate interface.
The data in Fig. 3 ( YY) can be described by Eq. 
The curves then split for ±M due to interference between the magnetization induced and the nonmagnetic contribution. as shown by the solid and dashed lines.
A distortion of the crystal symmetry could lead to crystallographic contributions to the SHG, but it would be expected to have some angular dependence. Surface roughness or clusters could produce magnetic or nonmagnetic domains or grains with different properties from the rest of the material, and these might give an isotropic contribution to the SHG.
By studying the garnet film surface in an optical microscope we have found that, in fact, it has small inclusions scattered across the whole surface. The size of the dots in Fig. 4 appears to be approximately 0.5 flm, but their real size could be much smaller due to the diffraction limited resolution.
Ideally, the fit parameters for both surface and interface SHG should be the same. The fact that they are not may be explained by the different local environment. At the interface there is some strain due to lattice mismatch between film and substratc, which may have relaxed at the surface. In addition there could be gradients in the composition of the film, i.e., growth induced anisotropy.
The effects of the surface inclusions were further studied by measuring the dependence of the SH intensity on the in-plane field strength. With polarizer and analyzer axis oriented along the Y-dircction the sample was rotated to an 094408-4 act as nonmagnetic sources of SHG. No direct evidence of domain pinning by these inclusions have been observed.
It was found that the magnetization at the film surface and interface saturates in the out-of-plane direction at different strengths of the applied field, and both higher than the field necessary to saturate the bulk. We conclude that the anisotropy leading to easy magnetization of the in-plane type is stronger at the interface than at the surface. A small four-fold in-plane magnetocrystalline anisotropy was also identified. XY curve splits. The fitting parameters are listed in Table I . Note that the value of the coefficients A, B, and C are the same as those found by fitting the surface signal in Fig. 3 , only scaled by a factor 0.55 and 0.79 for the XX and YX configurations, respectively. The reason for this scaling is that the polymer film absorbs some of the SH light. The different magnitude of the constant contribution D for the XX and XY configurations is due to the strongly anisotropic second-order susceptibility of the stationary polymer film, i.e. Xxxx =I= Xyxr Dispersion in the substrate prevents the same experiment to be conducted with the SHG from the interface, however, the problem may be overcome by analyzing the spectrum of the signal. 25
B. Polar magnetic field dependence of the SHG
In order to further investigate the surface and interface magnetic properties in comparison to those of the bulk, the magnetization-induced SHG signal, and the (bulk) linear Faraday rotation were studied as function of an out-of-plane magnetic field. The sample was placed in a strong polar magnetic field, i.e., along the Z-direction, and rotated to an azimuthal angle giving a peak in the observed SH intensity. The intensity of the SH light and the linear Faraday rotation of the fundamental beam were then measured simultaneously as a function of the polar field strength up to 600 kA/m. This was done for light incident from both the substrate and the film side of the sample.
In both cases the strongest SHG signal was observed close to zero polar magnetic field. The spontaneous magnetization of the garnet film is then in-plane. As the magnetization is gradually forced out-of-plane by the polar field, the SHG signal decreases and eventually vanishes (reaches level of PMT background noise) as the magnetization is saturated in the out-of-plane direction. This is shown in Fig. 7 . The figure also shows the simultaneously measured Faraday rotation of the fundamental beam, corrected for the contribution of the paramagnetic GGG substrate. The Faraday rotation appears to saturate at a clearly lower value of the magnetic field than the SH signal from both surface and interface, indicating that the bulk magnetization saturates in the out-of-plane direction before the surface and interface magnetizations. Furthermore, it is very interesting to note the different saturation magnetic fields of the SH signal from the surface and interface. A significantly stronger field is required to saturate the interface magnetization in the out-ofplane direction, again demonstrating that the anisotropy at the interface, leading to an easy magnetization of the inplane type, is relaxed at the surface.
The noise and sudden drop in the SH intensity near zero field can be explained by the random in-plane orientation of the magnetization. As demonstrated by the rotational anisotropy measurements, the orientation of the inMplane magnetization with respect to the crystal lattice has a large influence on the SHG response.
This experiment demonstrates the applicability of SHG to probe surface and interface magnetic properties. In addition, the results again confirm the dominantly magnetic origin of the observed SHG, and also demonstrate that the SHG effectively can be switched off using a polar magnetic field. This could find technological applications, for instance as a switchable element in lasers. The field strength required to completely switch off the SHG, that is to orient the magnetization in the out-of-plane direction, depends strongly on the chemical composition of the garnet film. 26 We have verified for other garnet films grown on the same substrate orientation, but with higher concentrations of gallium, that the Faraday rotation saturates and the SHG signal vanishes at lower magnetic fields. The sensitivity can thus be tuned by altering the composition of the films. Modulation or switching of the SHG can also be achieved by varying the direction of the in-plane magnetization which requires much sma11er magnetic fields.
V. CONCLUSIONS
We have shown, for thin garnet films grown on (lOO) oriented GGG substrates, that magnetization-induced SHG can serve as a powerful interface selective probe of the local magnetic structure. Since the space inversion symmetry in this case is broken throughout the whole film, the interface sensitivity is not due to symmetry breaking by the interfaces, but stems from the fact that the onset of strong optical absorption in the garnet films is conveniently located at about 2.3 eV, in-between the fundamental and second harmonic frequencies.
We have experimentally confirmed that the observed SHG from our fihn-substrate interface is of purely magnetic origin, as predicted by electromagnetic theory in the electric dipole approximation. The surface signal is dominantly of magnetic origin but also has a small nonmagnetic component. We have found that this is due to small grainlike inclusions in the surface of these LPE grown garnet films which The SH intensity was recorded as a function of the strength of the applied magnetic field, and the results are shown in Fig. 5 for both the surface and the interface signal. The empty points represent measurements at </>= </>' , which is also the same orientation at which the XX-configuration gives a minimum signal, while the filled points were measured at a neigh boring minimum, </>= </>' +45". For these two orientations of the sample, the behavior of the SH intensity near zero applied field is very different. At </>= </>' the interface signal does not show any dependence on the strength of the applied field. The constant SHG signal even near zero applied field indicates that the magnetization simply flips 180" as the field changes polarity. In contrast, the SH intensity increases strongly near zero applied field for the </>= </>' +45" orientation of the sample. In addition to the fact that the easy direction of magnetization of this film is of the in-plane type, there also exists a small fourfold magnetocrystalline anisotropy in the film plane. Because of this magnetocrystalline anisotropy the magnetization does not simply flip 1800, but appears to first rotate 90" to an equivalent and prefened in-plane orientation. This conclusion is supported by the fact that the peak intensity at zero field is equal to the maximum intensity measured for the rotational anisotropy in the XX configuration (Figs. 2 and 3) .
It is also evident from Fig. 5 that the surface SHG signal is composed of a magnetic and a nonmagnetic source. The interference between these gives rise to the different signal levels for ±M as described by Eq. (4). Also for the surface signal the influence of the in-plane magnetocrystalline an isotropy on the switching mechanism is evident. When oriented the phase change of -rr in the magnetization-induced contribution as M changes sign. At </>= </>' +45" the same mechanism of switching as described for the interface can be seen.
Interference between nonmagnetic and magnetic sources of
SHG is also clearly seen as a difference in signal levels for ±M.
The expcrimelllal data in Fig. 5 show no evidence of domain pinning by the surface inclusions. The dependence of the SH intensity on the field was measured at in-plane fields up to 300 kA/m, but remained constant at the levels shown in the figure. It is not clear what the inclusions are but apparently they cause a nonmagnetic contribution to the SHG from the film surface, most clearly seen in the YY configuration. Note that a similar effect, though much weaker is observed in the XY polarization combination.
A. Phase-sensitive measurements of SHG
In accordance with the experimental results of Fig. 3 , configurations XX, XY, and YX, the radiated intensity [Eq. (4)] appears not to be sensitive to the phase change of -rr in the induced polarization at 2w [Eqs. (6)- (9) ] that occurs when the magnetization is reversed, M-+-l\11. To confirm the existence of this phase shift the SH wave from the magnetic garnet sample was made to interfere with a SH wave generated in a nonmagnetic "reference" sample. 20 · 24 By placing a glass substrate coated with a polymer film having large second-order optical nonlinear coefficients just after the garnet film we achieve spatial overlap of the SH waves from the two sources. As long as no strongly dispersive elements arc inserted between the garnet film and the reference sample, the fundamental pulse and the SH pulse will also overlap temporally as they reach the reference. SH radiation generated in the polymer film will then interfere with the SH light from the garnet film. This can be observed as a change in detected intensity upon reversal of the direction of magnetization, because the interference term in Eq. ( 4) changes sign.
This can be modeled by Eqs. (6)-(9) by adding a constant isotropic term D, as was done in Eq. (10) . The rotational anisotropy of the total SH intensity is shown in Fig. 6 for ±M. As the direction of the magnetic field is reversed, the SHG from the garnet film experiences a phase shift of -rr and the interference term of Eq. ( 4) changes sign. For the XX configuration the intensity is reduced significantly while the 094408-5
